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Multiple-stage mass spectrometry involving consecutive collision-activated dissociation reac- 
tions was used to examine the structures of fragment ions commonly formed on electron 
ionization of organophosphorus esters. The compounds studied include several aryl thio- 
phosphates, some of which are analogs of common pesticides. Energy-resolved collision- 
activated dissociation experiments allow the dissociation of the molecular ions of these 
compounds in such a manner that only a few fragment ions dominate the spectrum. 
An abundant fragment ion of m/z 109, formed from all of the compounds studied, 
can have at least four different stable structures: (CH30)aPOf, CHsCHaOP(O)OH*, 
CH, =CHOP(H)(OH)l, and (CH,O),P(H)OH’. The structure of the fragment ion of m/z 109 
was found to reflect the phosphorus-containing part of the compounds studied. Another 
abundant fragment ion obtained for all the aryl esters studied is structurally characteristic of 
the aromatic moiety of the molecule. This fragment ion is the result of a complex rear- 
rangement involving transfer of an alkylene group to the aromatic ring from the phosphorus- 
containing part of the molecular ion. The utility of these fragment ions in the structural 
characterization of unknown organophosphorus esters is discussed. (1 Am Sot Muss Spectrom 
1993,4, 125-134) 
T he identification and quantification of organ- ophosphorus compounds, such as pesticides, plasticizers, pharmaceuticals, and lubricants [ll, 
as well as their degradation products and metabolites 
in environmental and biological samples, is an analyti- 
cal problem of increasing importance. Mass spectrome- 
try is a particularly useful technique for solving these 
problems owing to its potential for trace analysis of 
compounds in complex matrices. Previous mass spec- 
tromehic studies of organophosphorus compounds 
have focused primarily on data generated by electron 
ionization and chemical ionization of neutral com- 
pounds [Z-71, although a few excellent publications 
dealing with tandem mass spectrometry (MS/MS) ex- 
periments have also appeared [51. Chemical ionization 
generally results in less structurally informative frag- 
mentation than electron ionization [8-111, which limits 
the usefulness of this method in structural characteri- 
zation of unknown molecules. Electron ionization 
yields numerous fragment ions, however, interpreta- 
tion of the electron ionization mass spectra of 
‘Present address: Department of Chemistry, Unwersity of Colorado. 
Boulder, CO 80309. 
Address mprint requests to Hilkka 1. Kent&ma, Department of 
Chemistry, Purdue University, West Lafayette, IN 47907-1393. 
0 1993 American Society for Mass Spectrometry 
1042~0305/93/$6.00 
organophosphorus compounds is often complicated by 
the low abundance or even absence of structurally 
informative high-mass ions. The more abundant low- 
mass ions do not have well-established structures, and 
the mechanisms of the reactions leading to these ions 
are largely unknown. 
We have used multiple-stage mass spectrometry to 
examine the structures of low-mass fragment ions 
common to ionized phosphorus esters. The focus 
of this study is on aryl thiophosphates; some of the 
compounds studied are closely related to commonly 
used pesticides. Our work demonstrates that energy- 
resolved collision-activated dissociation (CAD) of 
ionized aryl phosphates allows the generation of 
spectra that are dominated by only a few low-mass 
fragment ions. The structural characterization of 
these fragment ions can provide valuable structural 
information about their neutral precursors. 
Experimental 
The aromatic phosphorus esters were synthesized by 
one of the authors (T. K.) by using common laboratory 
procedures. The structures were verified by NMR and 
mass spectrometry [12], and the purity was checked by 
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gas chromatography. All of the reagents were used 
as received from the manufacturer without further 
purification. Ethylene phosphonate, trimethyl phos 
phate, triethyl phosphate (99.5%), and triethyl phos- 
phite (98.5%) were obtained from ChemService (West 
Chester, PA). Toluene, styrene, 4-chlorotoluene, and 
2-chlorotoluene were obtained from Aldrich Chemical 
Co. (Milwaukee, WI). Trimethyl thiophosphate and 
tri-isopropyl phosphite were obtained from Alfa 
Products (Danvers, MA). Toluene (Mallincrodt, Paris, 
KY), trimethyl phosphite (Strem Chemicals, Inc., 
Newburyport, MA), ND, (Matheson, Secaucus, NJ), 
and d,-isopropanol (Cambridge Isotopes, Woburn, 
MA) were also used. 
All of the experiments were carried out on a Fourier 
transform-ion cyclotron resonance (FT-ICR) mass spec- 
trometer and a triple quadrupole instrument. The 
FI-ICR instrument (a prototype Extrel flMS-2001) has 
been described previously [13]. This instrument has a 
differentially pumped dual cell aligned collinearly with 
a magnetic field of 2.9 T. The two cells are separated 
by a conductance limit plate containing a Z-mm hole in 
the center. Grounding this plate allows the transfer of 
the ions through the hole from one cell into the other. 
At all other times, the same voltage (+2 V) was 
applied to the conductance limit plate and to the two 
trapping plates perpendicular to the magnetic field 
lines. 
All of the compounds were introduced into the 
FT-ICR mass spectrometer at a nominal pressure of 
approximately 1 X 10m7 torr by using a heated proto- 
type batch inlet system equipped with a leak valve, a 
manual solids probe, or a Varian leak valve. Molecular 
ions were generated by 12-15 eV electron ionization 
for approximately 5 ms, unless otherwise specified. 
Protonated molecules were produced by self-chemical 
ionization, wherein the fragment ions generated by 
electron ionization of the sample are allowed to pro- 
tonate the neutral sample molecules, or by NH, 
chemical ionization (4 s reaction time). The reagent gas 
pressure was adjusted to ensure that the base peak in 
the chemical ionization mass spectrum was that of the 
protonated molecule rather than that of the adduct of 
ammonium ion and the neutral molecule. 
A typical experiment sequence consisted of genera- 
tion of the ions in one side of the dual cell (source cell) 
by electron ionization, followed by transfer of the ions 
into the other cell (analyzer cell). Cations generated in 
the analyzer cell during the electron beam event were 
eliminated from the cell prior to ion transfer by apply- 
ing a negative potential ( - 10 V) to the analyzer trap 
plate for a variable length of time (typically 5-10 ms). 
In the analyzer cell, the ions of interest were isola- 
ted by applying a sequence of voltage pulses to the 
analyzer cell excitation plates. Frequency sweeps and 
single-frequency ejection pulses were used to remove 
undesirable ions by accelerating them until they hit the 
walls of the cell and lost their charge. 
Collision-activated dissociation was carried out 
on the isolated ions by using an excitation pulse of a 
fixed amplitude (3 V), variable duration (typically 
50-300 ps), and a frequency corresponding to the 
cyclotron frequency of the ion of interest. The CAD 
excitation pulse was followed by a reaction time of 
100 ms, unless otherwise specified. During this reac- 
tion time, collisions of the ion with argon (nominal 
pressure of 1 X 10m7 tom) convert ion kinetic energy 
into internal energy, causing the ion to dissociate. 
Variation of the duration of the excitation pulse con- 
trols the final kinetic energy of the ion. Energy-resolved 
CAD spectra were generated by plotting the abun- 
dance of each fragment ion normalized to the total 
fragment ion current as a function of the laboratory 
kinetic energy of the parent ions. All ion kinetic ener- 
gies reported in this work are laboratory kinetic en- 
ergies and were calculated by using the method of 
Grosshans and Marshall [14]. At a nominal collision 
gas pressure of 1 x 10e7 torr and laboratory collision 
energies of 5-50 eV, ions of m/z 109 undergo an 
average of two to five collisions during the lOO-ms 
reaction time.’ 
Three-stage mass spectrometry (MS3) experiments 
were carried out by generating the parent ion in the 
source cell. After transfer into the analyzer cell, the 
parent ions were isolated by using the method 
described earlier. Collisional activation of the parent 
ions then produced fragment ions that were isolated 
and collisionally activated in the same cell. 
The spectra illustrated are an average of at least 50 
spectra, acquired by taking 32 K data points per scan 
at a digitizer rate of 5.3 MHz. The excitation sweep 
(chirp) had a bandwidth of 2.7 MHz and an ampli- 
tude of 105 V. The sweep rate was 3.2 kHz/ps. The 
spectra were subjected to one zero fill prior to Fourier 
transformation. 
Some CAD experiments for the reference ions of 
m/z 109 were performed on a Finnigan triple 
quadrupole mass spectrometer (Finnigan-MAT TSQ 
4500, San Jose, CA) [15, 161. Ions were generated by 
using electron or chemical ionization. Isobutane (nomi- 
nal pressure 0.4 torr) was used as the chemical ioniza- 
tion reagent. The mass spectrometer was operated in 
the daughter ion scan mode [16]. Argon was used as 
the collision gas in the center quadrupole at a nominal 
pressure of less than 0.1 X 1O-3 torr for single-collision 
experiments [ 171. In this device, the collision energy is 
defied by the potential difference between the ion 
source and the center quadrupole. 
Results and Discussion 
Figure 1 illustrates a multiple-stage mass spectrometry 
(MS”) experiment involving four successive steps of 
‘The number of collisions per second (2) was calculated by using 
the following equation: Z = (4.5 X 10R torrF’ eV-‘/’ “-‘I2 s-l) 
(P+,,XR,~)[KE,,,,/(nr/zJJ “2, where I’,“, is the ion gauge pressure 
(ton); R,, the geometry correction factor for the ionization gauges 
(reagent depend&k and KE,,,,,, the estimated (see ref 13) collision 
energy @VI. 
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m/z 
Figure 1. MS5 experiment for ionized triethyl phosphate (gener- 
ated by CS:’ charge exchange) showing consecutive steps of 
isolation and CAD of the molecular ion of triethyl phosphate 
(m/r 182) and its dissociation products. The reaction sequence 
shown is 182’* 155+-r 127+-t 99+-t 81’. The symbol 3 in- 
dicates interference caused by a local radio station. 
ion isolation and CAD for a simple organophosphorus 
ester. Analogous experiments were used to obtain 
structural information for the low-mass fragment ions 
of several organophosphorus esters. Energy-resolved 
CAD experiments performed on the ionized com- 
pounds were adjusted such that only a small amount 
of energy was deposited in the fragmenting ion. This 
results in greatly simplified fragmentation dominated 
by the formation of only a few fragment ions that were 
found to be common for the compounds studied 
(Figure 2~). One of these, a fragment ion of m/z 109, 
yields information about the phosphorus-containing 
part of the molecule, whereas another fragment ion, 
the mass of which varies predictably depending on 
various structural characteristics (e.g., m/z 125 in 
Figure Zc), yields information about the aromatic moi- 
ety of the molecular ion. The following discussion is 
divided into three sections: the first two sections focus 
on the two different types of major fragment ions 
produced by the compounds studied, and the third 
section focuses on fragmentation characteristics of 
protonated esters. 
Phosphorus-Containin Fragment Ion 
A fragment ion of m/z 109 is common to many 
organophosphorus compounds and was found in the 
electron ionization mass spectra of all of the aryl esters 
studied. The structure of this ion was examined by 
comparing its dissociation reactions to those of refer- 
ence ions of known structures. Reference ions of 
m/z 109 with different isomeric structures were gen- 
erated by electron ionization of trimethyl phosphate, 
a 
a) 125 
I 
Figure 2. MS’ experiment for dimethyl 4-chlorophenyl thio- 
phosphate: (a) 12 eV electron ionization mass spectrum; (b) 
isolation of the molecular ion of m/z 252; cc) 30 eV CAD of the 
molecular ion; Cd) isolation of the fragment ion of m/z 125; (e) 40 
eV CAD of the fragment ion of m/z 125. Argon was used as the 
collision gas at a nominal pressure of 1 X 10m7 ton; reaction time 
was 100 ms. 
trimethyl thiophosphate, trimethyl phosphite, Methyl 
phosphate, Methyl phosphite, tri-isopropyl phosphite, 
and dimethyl propyl phosphate and by chemical ion- 
ization of ethylene phosphor&e (Scheme I). The refer- 
ence ions obtained from the cyclic, tri-isopropyl, ethyl, 
and methyl esters all produce different, structurally 
characteristic energy-resolved CAD spectra (Figure 3). 
Similar fragmentation patterns were measured on the 
FT-ICR and the triple quadrupole instruments. 
The dimethyl isomer of m/z 109 (Figure 3a) is 
generated from trimethyl phosphate, trimethyl phos- 
phite, trimethyl thiophosphate, and dimethyl propyl 
phosphate [20-221. This ion characteristically loses 
formaldehyde to yield the fragment ion CH,OI’OH+ 
of m/z 79. At the relatively low CAD energies used in 
the triple quadrupole instrument at the single-collision 
conditions chosen here, the fragment ion of m/z 79 
dominates the dissociation product distribution of the 
ion of m/z 109. The ethyl isomer of m/z 109 (Figure 
3b) generated from triethyl phosphate and Methyl 
phosphite predominantly loses ethylene (to yield an 
ion of m/z Sl), a reaction characteristic of even-electron 
phosphorus ions containing ethyl groups. At low exci- 
tation energies, loss of water yields C,H,02P+ (m/z 
911, and at high excitation energies, a fragment ion 
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PO,H: (m/z 65) is also observed. In the triple 
quadrupole instrument, the fragment ion of m/z 91 
dominates the dissociation patterns. A third isomer of 
m/z 109, assumed to have the vinyl structure shown 
in Figure 3c, is formed from tri-isopropyl phosphite. 
Predominant loss of water (to yield a fragment ion of 
m/z 91) at low energies in both instruments indicates 
the presence of hydroxyl groups in this ion. Fragmen- 
tation to yield the ion PO,Hl of m/z 65 dominates at 
higher collision energies in the FI-ICR instrument. A 
structurally characteristic direct bond cleavage is also 
observed [production of the ion of m/z 27 (C,H;)]. 
Finally, the cyclic ion of m/z 109, protonated ethylene 
phosphate, shows very different behavior from the 
other ions studied: The most abundant fragment ion 
does not contain phosphorus (C2HsOt, m/t 451 
(Figure 4). 
The results obtained for the isomeric reference ions 
of m/z 109 demonstrate that (1) several different iso- 
mers of m/z 109 exist as stable species; (2) these 
isomeric ions are readily distinguished; and (3) the 
structure of each ion of m/z 109 depends on the 
phosphorus-containing part of the neutral precursor. 
Thus, characterization of the fragment ion of m/z 109 
yields information about the phosphorus-containing 
part of the neutral phosphorus ester. 
The CAD data obtained for the fragment ion of 
m/z 109 formed from a few of the aryl thiophosphates 
are included in Table 1. Figure 5 shows the production 
of the fragment ion of m/z 109 by CAD of the isolated 
molecular ion of diethyl Cchlorophenyl thiophosphate, 
followed by CAD of the fragment ion of m/z 109. The 
b 
20 eV CAD spectrum measured for the ion of m/z 109 
is very simple, containing only two fragment ions 
0 (m/z 81 and 91). Comparison of this spectrum with 
Figure 3. Energy-resolved mass spectra of three reference ions 
of m/z 109: (a) the dimethyl isomer produced from trimethyl 
phosphate; (b) the ethyl isomer produced from methyl phou- 
phate; (c) the vinyl isomer produced from tri-isopropyl phosphite. 
the CAD spectra obtained for the isomeric reference 
ions discussed earlier reveals that the fragment ion of 
m/z 109 obtained from diethyl 4-chlorophenyl thio- 
phosphate has the same structure as the reference ion 
produced from triethyl phosphate and triethyl phos- 
phite. Similar results were obtained for the fragment 
ion of m/z 109 generated from diethyl phenyl thio- 
phosphate (Table 1): 25 eV collisional activation of the 
ion of m/z 109 produces the granddaughter ions of 
m/z 81 and 91 with the same relative abundances as 
are obtained for the ethyl reference ion. 
Aromatic Fragment Ion 
Investigation of the dissociation characteristics of other 
abundant fragment ions of the aryl thiophosphates, 
including those appearing at m/z 125, 105, and 91, 
resulted in the discovery of another type of fragment 
ion common to all of the aromatic compounds studied. 
This ion has a mass value that can be explained on the 
basis of a specific rearrangement reaction: The mass 
value depends on the substitution of the aromatic ring 
as well as the alkyl groups on the phosphorus part of 
the parent molecule. After a detailed discussion of a 
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few specific cases, a mechanism is proposed for the 
reaction. 
An ion of m/z 125 is among the most abundant 
fragment ions (Figure 2; Table 1) formed by electron 
ionization of dimethyl 4-chlorophenyl thiophosphate 
(an analog of the pesticide Methyl parathion) [23]. 
Others [3-71 have suggested that the fragment ion of 
m/z 125 obtained from simple organophosphorus 
esters has the dimethyl structure illustrated in Scheme 
II; however, this does not appear to be true for the 
aromatic esters studied here. The 40 eV CAD of the 
isolated fragment ion of m/z 125 from dimethyl 4- 
chlorophenyl thiophosphate yields three granddaugh- 
ter ions: those of m/z 89, 90, and 99 (Figure 6b). The 
fragment ions of m/z 89 and 90 result from the loss of 
35 and 36 Da and indicate the presence of chlorine in 
the precursor ion (m/z 125). Loss of 26 Da (production 
of the fragment ion of m/z 99) corresponds to the loss 
of acetylene from the precursor ion. All of these frag- 
mentations are unlikely for an ion of the dimethyl 
structure shown in Scheme II. Loss of acetylene, how- 
ever, is common for aromatic ions. Observation of this 
fragmentation, together with the evidence for the pres- 
ence of chlorine, strongly suggests that the fragment 
ion of m/z 125 contains the aromatic portion of the 
precursor ion. 
On the basis of the previously described obser- 
vations, the structure shown in Scheme IIIa is sug- 
gested for the fragment ion of m/z 125 from dimethyl 
4-chlorophenyl thiophosphate. Reference ions with the 
proposed aromatic structure are readily obtained from 
substituted toluenes (Scheme IIIb). Selection and isola- 
tion of the fragment ion of m/t 125 of 4-chlorotoluene, 
followed by CAD, produced the fragment ions of 
m/z 89, 90, and 99 in the same ratios (Figure 6a) as 
were observed on CAD of the fragment ion of the 
compound discussed earlier (Figure 6b; Scheme 111~). 
Another reference ion of m/z 125 was generated 
Table 1. Dissociation products obtained for the organophosphorus ions studied” 
Dlethyl phenyl thiophosphate 
MS /MSb CAD of M+ of m/z 246 
10 eV 218(45), 1 lO(351, 109(53), 105(92). 104(100). 94(6). 91(6) 
30 eV 218(33), 190(7), 137(20), 1 lO(57). 109(97), 105(100). 104(98). 94(22). 
91(39), 811671, 78(15), 63( < 5) 
50 eV 218(35), 190(15), 137(16), llO(60). 109(100). 105(83). 104(76). 103(9). 
94(24), 91152). 81(100). 78(22L 7705). 65(15). 63(10). 27(13) 
75 eV 218(20), 190(16), 137(g), 11 O(40). 109(69), 105(48). 104(41), 103(9). 
9409). 91(47), 61(100). 78(20), 77(18), 65(15). 631161. 27121) 
100 eV 218(18). 190(12), 137(10). 110130). 109(47). 105131). 104(27). 94(15), 
91(38), 8111001. 79126). 77(26), 65(18), 63(24), 51(10). 27(32) 
125 eV 218(22), 190(15), 110(29), 109(39), 105(32). 104(28). 94(14). gl(30). 
81000). 78(19), 77(30). 65(20). 63(35). 51(3OL 50111). 47(25), 27WS1 
MS3 CAD of the fragment ion of m/z 109’ 
13 eV 91(78), 81(100) 
CAD of the fragment ion of m/z 105” 
20 ev 77(100) 
CAD of the fragment ion of m/z 104’ 
20 eV 103134). 78(100) 
Diethyl 4-chloraphenyl thiophosphate 
MS /MS CADofM’ ofm/z280 
1OeV 
30 eV 
50 eV 
75 ev 
IOOeV 
125eV 
252(66), 224(18),144(54), 139b33). 138(56).109~100~ 
252~21),224(11~.144~51), 139(55), 138(34),137(18b 128(24). lO9(100). 
103~12),91(28),81~38L29~7~ 
252(21), 224k3). 144(47), 139(46), 138(29),137(12b 128(27). 109(100), 
103(20),91(47),81~84~.65~8),29~17~. 2714) 
252(18).224(7),144(42).139(37). 138(22).129(25), 109(86).91(45). 
81(100~.77(81,65(13),29(23).27(10~ 
252(13), 144(31), 139(28), 138(161, 128(21). 109(71~.91~41).81(~00~. 
77(10), 65(13), 29125).27(16) 
252(16). 144(26), 139(24), 128(17), 109(56), 108(8). 103(15). 91(33). 
81(100~,77(14),65(18~, 29(27).27(26) 
MS3 CAD of the fragment ion of m/z 109’ 
IOeV 91I46),81(100) 
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Table 1. Dissociation products obtained for the orranoDhosuhorus ions studied” kontinued) 
Dimethyl phenyl thiophasphate 
MS /MS CADofM+.ofm/z218 
1OeV 21717). 186(6). 165tl4). 123(12), lOS(431. Sl(100). So(11). 79(51 
30 ev 186(5), 185(13), 123(131, 109(50), 91(100), 90(12). 79(8) 
50 ev 186(5), 185(11), 123(11), 109(50), 91(100), 90(1 1). 79(13) 
80 eV 18516). 185(14), 1231131. 109(4Ot. Sl(100). 90(12). 79(8). 51(8). 47(7) 
100 eV 186(5t, 185(14), 123114). 109(431. Sl(i OOL 90(13). 79(6). 77(5). 47(7) 
Dimethyl 4-chlorophenyl thiophosphate 
MS /MS CAD of M +’ of m /z 252 
IOeV 157(12), 125( 100). 109(67) 
30 eV 15718). 125(100). 109(83t, 79(10) 
50 eV 157llO). 125( 100). 109(86t, 79(13t 
75 eV 157(10), 125(99), 10911 oot, 79(19) 
1OOeV 157llOl. 125189t, 109(1 OOt, 79(27) 
125eV 125(93), 109( 100). 79(33). 49(79) 
MS3 CAD of the fragment ion of m/z 125 generated from M+ 
50 eV 99(29t, 90(52t, 89(1OOt 
Dimethyl 2-chlorophenyl thiophosphate 
MS /MS CAD of MH+ of m/z 253,500 ms reaction time 
10 eV 221(45t, 217(3Ot, 125[100), 1 OS(53t 
30 ev 221(49t, 217(6t, 143(7t, 125(1OOt, 109(65t 
50 ev 221(27), 143110). 125(lODt, 109(59t, 79(14t. 47(28t 
75 eV 221(22t. 217118). 189114). 143(17). 125(100), 11 l(3Ot. 109(56t. 108(30), 
99(17), 79(40), 75(29), 47(51) 
1OOeV 125(80). 111(3Ot, 109148). 108(31), 99(32), 79(32t, 75(74t, 47(100) 
MS3 CAD of the fragment ion of m/z 125 generated from MHt 
20 eV 79(8Ot, 471100) 
Dimethyl 2,4-dichlorophenyl thiophosphate 
MS /MS CAD of MH’ of m /I 287, 500-ms reaction time 
25 eV 271(22l, 255(25t, 125(76), 109(100) 
50 eV 255(21), 125(82). 109(100). 79(16t, 47(16t 
100 eV 255(16), 125194). 109(1 OOt, 79(33t, 47(42) 
MSJ CAD of the fragment ion of m /.z 125 generated from MH+, 250 ms reaction time 
20 ev 79(100), 47000) 
Styrene 
MS/MS CADofM+‘ofm/z104 
1OeV 10304). 78(1OOt, 63(13) 
30 ev 103(31), 78(100), 77(12) 
50 eV 103(43t, 78(1001,77135t. 51{9t, 39(6) 
75 ev 103(45t, 78(1OOt, 77(68t. 76(6t, 65(8), 63(15t, 51(48t. 50(17), 39(22) 
100 eV 103(35t. 78191 t. 77(7Ot. 76(6t, 65(8t, 63(23t, 62(7t, 51(1OOt, 50(45t, 
39140) 
125 eV 103130). 78(74), 77(62), 63(24t, 62110). 51 (I 00). 50(74), 39(45) 
150eV 103Q8t. 78(69t, 77(63), 63(28t, 62(10), 5l(lOOt. 50(91 t, 39(48) 
MS3 CAD of MH’ of m/z 105 (produced by hexane Clt 
20 eV 103i42). 79138). 77(100) 
50 eV 103122). 79(13t, 78(6). 7711OOt. 51(37), 39(6t 
al~ns with less than 5% relative abundance are not reported unless they are discussed in the text. For 
collisional activafion. the energy repoRed is the estimated laboratory kinetic energy, based on ref 14. 
Arson pressure wee 1 X lo-’ torr. reactlo” time 100 ms unless otherwise specified. 
MS /MS, tandem mass specfrometry. 
‘The signal-to-noise ratio for these data was too low fo allow accurate measurement of the relai~ve 
abundances. 
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Figure 4. Energy-resolved mass specha of the cyclic reference 
ion of m/z 109 produced by chemical ionization of ethylene 
phosphonate (see text). 
from Z-chlorotoiuene in the same manner as for 4- 
chlorotoluene. The CAD spectrum of this ion is iden- 
tical to that from 4-chlorotoluene. Thus, it is not 
possible to assign the position of the chlorine in the 
fragment ion on the basis of these data alone. Finally, 
it was conclusively demonstrated that the structure of 
the fragment ion of m/z 125 from dimethyl 4- 
chIoropheny1 thiophosphate is not the dimethyl struc- 
ture shown in Scheme II by generating a reference ion 
with this structure by 30 eV electron ionization of 
trimethyl thiophosphate (Scheme IIId). Collision- 
activated dissociation of this fragment ion results in 
loss of formaldehyde (m/z 79, Figure 6~). This finding 
conclusively rules out the phosphorus-containing 
structure. 
Scheme IV shows a conceivable mechanism for a 
rearrangement that involves transfer of a methylene 
unit to the aromatic ring in the molecular ion of 
dimethyl 4-chlorophenyl thiophosphate and elimina- 
tion of CH,OP(O)(SH)O to yield the ion C7H6Cl* 
(m/z 125). The first step involves isomerization of the 
molecular ion to a distonic ion i. The molecular ions of 
organophosphorus compounds are known to isomerize 
to thermodynamically more stable distonic structures 
after ionization in tandem mass spectrometers [16,23]. 
Isomerization of the molecular ion is followed by radi- 
cal addition to the aromatic ring to form the intermedi- 
Scheme II 
a 
Figure 5. MS” experiment for diethyl 4-chlorophenyl thiophos 
phate: (a) 12 eV electron ionization mass spechum; (b) isolation 
of the molecular ion of m/z 280; (c) 40 eV CAD spectrum of the 
molecular ion; (d) isolation of the fragment ion of m/z 109; (e) 20 
eV CAD spectrum of the fragment ion of nr/r 109. Argon was 
used as the collision gas at a nominal pressure of 1 x 10W7 torr; 
CAD reaction time was 100 ms. The symbol 4 indicates inter- 
ference caused by a local radio station. 
ate ii. The fragment ion of m/z 125 is produced by the 
cleavage of two C-O bonds in this intermediate ion. 
The ratedetermining step for the proposed rearrange- 
ment reaction is likely to be the isomerization of the 
molecular ion to the distonic ion i because this reaction 
is estimated to be endothermic (by approximately 
6 kcal/mol for the molecular ion of trimethyl 
thiophosphate) 1151. 
On the basis of the mechanism discussed above, 
CAD of the molecular ion of dimethyl phenyl thio- 
phosphate is expected to produce an abundant frag- 
ment ion of m/z 91 as a result of methylene transfer to 
the aromatic ring (Scheme Va). This fragment ion is 
indeed observed in the CAD spectrum (Figure 7a). 
Instead of an ion of m/z 91, the molecular ion of 
diethyl phenyl thiophosphate yields a major fragment 
ion of m/z 105 on CAD (Figure 7%~). Formation of this 
ion is in accordance with the proposed mechanism, 
which now involves transfer of CHCH, to the phenyl 
ring (Scheme 1V). MS3 experiments were performed on 
the fragment ion of m/z 105 discussed above to deter- 
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-r 
C,H,CI’ + C,H, 
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s+ 
t 
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E S 
W,’ + HCI 79 
II 
I CH,OiP_OCH, 
ml2 39 I 
e CH,O-P’-OCH, + OCH, 
Scheme III 
mine whether this ion has the structure expected on 
the basis of the proposed mechanism. On CAD, the ion 
of m/z 105 decomposes to yield an ion with a mass 
value corresponding to the phenyl cation (C6H: of 
m/z 77; Table l), which strongly suggests that the 
fragmenting ion is aromatic. Examination of the CAD 
spectrum measured for a reference ion of m/z 105 
obtained by protonating styrene shows that this ion 
has the same structure(s) as the fragment ion of 
m/z 105 of diethyl phenyl thiophosphate. This obser- 
vation provides support for a fragmentation mecha- 
nism for ionized diethyl phenyl thiophosphate analo- 
gous to that shown in Scheme IV for 4-chlorophenyl 
dimethyl thiophosphate (transfer of CHCH, occurs for 
the ethyl derivative, transfer of CH, for the methyl 
derivative). The actual structure of the fragment ion of 
m/z 105 of diethyl phenyl thiophosphate remains un- 
certain because it is conceivable that styrene can accept 
a proton on the aromatic ring as well as on the sub- 
stituent; both product ions arc expected to be stable 
(stabilized by several resonance forms). However, 
indirect evidence supports the formation of an inter- 
mediate analogous to iii from diethyl phenyl thiophos- 
phate: The CAD spectrum of the fragment ion of 
m/z 104 indicates that this ion has the structure of the 
molecular ion of styrene (m/z 104; Table 1). The for- 
mation of ionized styrene from ionized diethyl phenyl 
thiophosphate is readily explained on the basis of a 
McLafferty rearrangement in the intermediate iii, as 
shown later. 
m/r 
Figure 6. (a) MS3 experiment involving the generation and 
isolation of the molecular ion of 4-chlorotoluene followed by 
CAD and isolation of the fragment ion of m/z 125; the final 
spectrum (CAD of the ion of m/z 125) is illustrated. The energy 
of the CAD was 35 eV; argon was the collision gas at a nominal 
pressure of 1 x 10m7 torr, and reaction time was 100 ms (see 
text). (b) MS3 experiment involving the generation and isolation 
of the molecular ion of dimethyl I-chlorophenyl thiophosphate 
followed by CAD and isolation of the fragment ion of m/z 125: 
the final spectrum (CAD of the ion of nr/t 125) is illustrated. (c) 
50 eV CAD spectrum of the fragment ion of m/z 125 produced 
from trimethyl thiophosphatc (see text). 
Protonafed Molecules 
The fragmentation behavior of the protonated mole- 
cules of some of the thiophosphates was also studied 
because much of the literature on analytical applica- 
tions of mass spectrometry detail studies of protonated 
molecules rather than of molecular ions [3-5, 231. 
Protonated dimethyl 2-chlorophenyl thiophosphate and 
dimethyl 2,4-dichlorophenyl thiophosphate (an analog 
of the pesticide Chlorthion) [28] dissociate to produce 
abundant fragment ions of m/z 109 and 125 (Table 1; 
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Figure 7. (a) 200 eV CAD spectrum of the molecular ion of 
dimethyl phenyl thiophosphate; (b) 10 eV CAD spectrum of the 
molecular ion of diethyl phenyl thiophosphate. 
Figures 8 and 9). Two dissociation products dominate 
the spectra of the fragment ion of m/z 125 of protw 
nated dimethyl 2,4_dichlorophenyl thiophosphate-the 
ions of m/z 79 and 47 (Table 1). This finding indicates 
that the fragment ion of m/z 125 is not aromatic; it 
has a structure similar to that of the reference ion of 
m/z 125 generated from trimethyl thiophosphate 
(Figure 6c; Scheme IlId). Collision-activated dissocia- 
tion performed on the fragment ion of m/z 125 gen- 
erated from protonated dimethyl 2-chlorophenyl 
thiophosphate yields similar results (Table 1). These 
findings conclusively show that the fragment ion of 
m/z 125 generated from protonated dimethyl 2- 
chlorophenyl thiophosphate and dimethyl 2,4- 
dichlorophenyl thiophosphate is different from that 
obtained from the molecular ion of dimethyl 4- 
chlorophenyl thiophosphate. Considering the proposed 
mechanism for the formation of the ion of m/z 125 
from the molecular ions (Scheme IV), it is not surpris- 
ing that this aromatic fragment is not generated from 
the protonated molecules. 
b 
m/z 105 
Scheme V 
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Figure 8. Energy-resolved mass spectra of the (MH)+ ion of 
dimethyl 2,4dichlorophenyl thiophosphate. The total ion current 
was calculated by (a) including and (b) excluding the parent ion. 
Conclusions 
The structures of two fragment ions commonly pro- 
duced on collisional activation of the molecular ions of 
aromatic thiophosphates were characterized by using 
MS” experiments involving consecutive CAD. Energy- 
resolved CAD readily distinguishes among the four 
stable isomeric structures possible for the fragment ion 
of m/z 109. The structure of this fragment ion is 
characteristic of the phosphorus-containing part of the 
compounds studied. Another abundant fragment ion 
was shown to arise from a complex rearrangement 
reaction of the molecular ion in which an alkylene 
group is transferred from the phosphorus-containing 
part of the molecular ion to the aromatic part prior 
to or during fragmentation. The mass value of the 
product ion is therefore dependent on the substitutents 
on the aromatic ring as well as on the phosphorus- 
containing part of the precursor molecule. The 
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Figure 9. Energy-resolved mass spectra of the (MH)+ ion of 
dimethyl Z-chlorophenyl thiophosphate. The total ion current 
was calculated by excluding the parent ion. 
protonated molecules of the aryl thioesters fragment 
differently than the molecular ions and do not yield a 
structurally characteristic aromatic fragment ion. 
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Appendix 
Registry Numbers 
Trimethyl phosphate [512-56-l], trimethyl phosphite 
[ 121-45-91, trimethyl thiophosphate [152-18-l], triethyl 
phosphate [78-40-O], triethyl phosphite [122-52-l], 
hi-isopropyl phosphite [923-99-91, dimethyl propyl 
phosphate [51463-65-l or 4202-14-61, dimethyl 
phenyl thiophosphate [33576-92-O], dimethyl 4- 
chlorophenyl thiophosphate [5314-03-41, dimethyl 2- 
chlorophenyl thiophosphate 113194-51-91, diethyl 
phenyl thiophosphate [32345-29-21, styrene [loo-42-51, 
4-chlorotoluene [106434], 2-chlorotoluene [95-49-B], 
d,-isopropanol[22739-76-01. 
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